Abstract: Inhibition-based biosensors were developed by immobilizing tyrosinase (Tyr, polyphenol oxidase) from the crude extract of avocado fruit on electrochemically prepared polypyrrole (PPy) films. The biosensors were prepared during the electropolymerization of pyrrole in a solution containing a fixed volume of the crude extract of avocado. The dependence of the biosensor responses on the volume used from the crude extract, values of pH and temperature was studied, and a substrate, catechol, at different concentrations, was amperometrically detected by these biosensors. Benzoic acid, a competitive inhibitor of Try, was added to the catechol solutions at specific concentrations aimed at obtaining the inhibition constant, K' m , which ranged from 1.7 to 4.6 mmol•L −1 for 0.0 and 60 µmol•L −1 of benzoic acid, respectively. Studies on the inhibition caused by benzoic acid by using PPy/Try films, and catechol as a substrate, allowed us propose how to develop, under optimized conditions, simple and low-cost biosensors based on the use of avocado fruit.
Introduction
Biosensors based on the immobilization of enzymes within polymer matrices are considered to be a promising technology for detection of species of interest [1] . Among several examples of biosensors,
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one particular category is capable of analyzing how the concentration of an analyte varies in the presence of an enzyme inhibitor, for a determined period of time, i.e., the so-called inhibition-based biosensors [2] . Enzymatic inhibition biosensors have been applied to the analysis of pesticides, heavy-metals, and preservatives in foods [3, 4] . The mechanisms of enzyme inhibition are often complex, and can be studied by exposing an immobilized enzyme to a specific inhibitor and, therefore, interfering with the active sites of the enzyme to either retard or accelerate reaction rates. These mechanisms can be classified into different types: reversible, irreversible or mixed, and the main difference between them is that irreversible enzyme-inhibitor interactions yield hydrolytic and oxidative destruction of the enzyme [3] .
Benzoic acid has been used as a preservative in a variety of food products and beverages in order to protect them against deterioration due to antimicrobial properties [5, 6] . However, benzoic acid at levels higher than those permitted by legislation may be potentially harmful to human health. Benzoic acid in foodstuffs has been determined by methods, such as high performance liquid chromatography, thin layer chromatography, and gas chromatography, which are expensive, time-consuming, and demand qualified technicians [7] . As an alternative, amperometric biosensors have been reported in the monitoring of benzoic acid due to such advantages as effectiveness, simplicity, and low cost [8, 9] . For inhibition-based biosensors, the immobilization step is of utmost importance, and tyrosinase (Tyr, polyphenol oxidase) has been chosen for the design of biosensors based on the presence of benzoic acid as a competitive, reversible enzyme inhibitor [8] [9] [10] [11] .
Tyr has been found in nature from sources such as vegetables, fruits, and mushrooms. It contains a binuclear, active copper site responsible for catalyzing the hydroxylation of monophenols to o-diphenols, and subsequent oxidation to o-quinones, which can be reduced back to o-diphenols [12] . Tyr also contains high-affinity binding sites for aromatic compounds, which justifies its use in inhibition-based biosensors, not only for quantification but, also, in studies focused on effects of pigmentation [13] .
Inhibitor biosensors based on the immobilization of Tyr on polyaniline [10, 11] , graphite-Tefon composites [14] , and copolymers [15] have been studied for the determination of benzoic acid; however, in all cases, Tyr was commercially obtained. Here, the novelty of our studies lies in the use of a stable, biocompatible polymer film, polypyrrole (PPy), as a matrix for immobilizing Tyr under mild oxidative conditions, in aqueous solutions.
Our interest was to obtain the optimum working conditions when the biosensors were prepared using stabilized, active Tyr in its natural source, avocado fruit. A systematic evaluation of the inhibition effects of PPy/Tyr films in the presence of benzoic acid has indicated that optimized conditions yield efficient, simple, and low-cost biosensors by using crude extract of avocado fruit as an enzymatic source.
Experimental Section
Pyrrole was purified by vacuum distillation prior to be used. Tyrosinase (Tyr, polyphenol oxidase) was used as crude extract of avocado fruit (Persea americana, bought at local food markets) according to the procedures described in the literature [16] .
The avocado pulp (25 g) was homogenized in a blender for 3 min with 100 mL of phosphate buffer (pH 7.0) and 2.5 g of Super Polyclar R, which is an insoluble polymer capable of binding to polyphenols, inhibiting browning, and producing stable enzymatic crude extracts over several months. This procedure has yielded an homogeneous solution, which was filtered by using four layers of cheesecloth, centrifuged at 15,000 rpm for 30 min at 4 °C, and then, stored in a fridge.
The activity of Tyr extracted from avocado tissues was assayed in triplicate with a U-2900 Hitachi spectrophotomer in the UV-VIS range using 2. Pt plate as the counter electrode, a Pt rod as the working electrode, and nitrogen purging. Chronoamperometry was used in order to detect catechol and benzoic acid at a fixed potential of 240 mV for 0.2 s in phosphate buffer at pH 7.0.
Results and Discussion
Initially, we studied how to obtain optimized PPy/Tyr biosensors by using crude extract of avocado and a set of defined parameters: operational potential, amount of crude extract of avocado, pH, and temperature. The immobilization procedure relied on the entrapment of Tyr within the PPy matrix in an aqueous medium containing 0.1 mol•L −1 LiClO 4 , 0.07 mol•L −1 pyrrole, and crude extract of avocado at a fixed volume (100 µL). Uniform PPy/Tyr films were obtained by cyclic voltammetry after ten complete cycles by applying a final potential of 1.0 V, which proved to be high enough to promote a controllable oxidation of pyrrole, but low enough to avoid degradation (or electroinactivity) of the polymer matrix.
The voltammograms obtained during the electropolymerization of pyrrole without and with Tyr (crude extract of avocado, 100 µL), from Figure 1 ). There are only slight differences in these curves, giving an indication that Tyr has no significant influence on the electrochemical response of the electrode surface. The most visible difference in these curves is that pyrrole oxidizes at more positive potentials when in the presence of Tyr (see arrows in Figure 1 ). The total charges after completing ten cycles were practically the same for both processes, but the presence of Tyr yields films with a different morphology, as can be seen in Figure 2 . The morphology of PPy films is typically cauliflower-like [17] , with globular structures covering the entire surface of the film (Figure 2a) . The presence of Tyr in the electropolymerization medium has yielded a more compact structure, and although those films have been produced with practically the same values of polymerization charge, they are morphologically different. It has been addressed in the literature that when electrochemically immobilized, Tyr becomes entrapped in the polymer matrix (poly-3,4-ethylenedioxythiophene, PEDOT [18] , and a copolymer [15] ) as also expected here by using crude extract of avocado as a source of Tyr.
The FTIR spectra of the films show the typical bands of a predominant polymer matrix, PPy; but, for the PPy/Tyr film, a shift of the main band positions to higher wavenumbers (blue shifted) is evident as addressed in Figure 3 . Similar effect has been reported by us after immobilizing phytase in PPy films [19] . Such shifts of the main bands in the FTIR spectra of PPy are indicative of an electrostatic interaction between Tyr and its matrix, PPy, due to differences in charge signals. Besides, the peak at ca. 1700 cm −1 , which has been assigned to the overoxidation of PPy by the presence of carbonyl groups at the β-position of the pyrrole ring [20] , is not found in the spectrum of the PPy-Tyr film. Figure 4A , the operational potential was defined as +240 mV for all subsequent experiments. The PPy film did not show selectivity for catechol, and its voltammetric response was used as the calibration curve. When Tyr is immobilized in the PPy matrix, the film shows a different voltammetric response, which can be related to a different morphology, thus a different mobility of ions into the film. These differences seen in the voltammetric curves of the PPy films are quite common in films of different morphology, such as PPy [21] , and poly-3-alhylthiophenes [22] . When added at different concentrations in a medium containing a substrate (catechol), benzoic acid clearly affects the voltammetric responses of the PPy/Tyr film due to an inhibitory effect, as it can be verified in Figure 4B . The presence of benzoic acid results on a decrease in the peak currents (see arrows in Figure 4B ), which are related to enzymatic reactions involving o-quinones. (Figure 5a ). From these results, the optimal volume of the crude extract of avocado for obtaining the PPy/Tyr films was defined as 100 µL since it yielded the highest response of current. Tyr has demonstrated a high specificity for phenolic compounds, in particular catechol, without considerable effects of interference at a low applied potential. Previous results have shown that common interfering substances in foodstuffs are lactic acid, sorbic acid, caffeine, and saccharin sodium [8, 9] , with benzoic acid effectively acting against bacterial development [6] . In this case, these interference substances did not show a considerable influence on the response of Tyr-based sensors towards benzoic acid. Only sorbic acid, which is a preservative against yeasts and moulds, yields a higher, but still low, signal increase, about 10% [8] . For the PPy/Tyr films, we are expecting similar results, but further studies are necessary in order to confirm this issue. The current densities were also examined after changing the pH from 5.0 to 8.5 in phosphate buffer, but keeping constant the volume of the crude extract of avocado, 100 µL, and concentration of catechol, 1.0 × 10 −3 mol•L −1 (Figure 5b-A) , and a maximum response has been achieved at pH 6.5. In the presence of an inhibitor, benzoic acid, which was added separately to the solution at a fixed concentration, 1.0 × 10 −3 mol•L −1 , a similar feature can be noticed in the current density vs. pH plot, but with lower current densities (Figure 5b-B) . This type of response, i.e., lower currents in the presence of benzoic acid, has also been noted for polyaniline-polyacrylonitrile/Tyr [10] and polyaniline/Tyr [11] films. The optimum value of pH obtained here is in accordance to those reported in the literature, which ranged from 6.5 to 7.0 [10, 11] . The current density also varies at different temperatures without and with benzoic acid (Figure 6 ). These results allowed us to obtain the optimum temperature for the PPy/Tyr biosensor with respect to the presence of catechol, 50-55 °C, regardless of the presence of benzoic acid in solution. Besides, there is a clear indication that the inhibitor has no significant influence on the thermal stability of Tyr, at least after the immobilization within the PPy matrix. The maximum activity for either free Tyr or after being immobilized in polyaniline films was obtained at about 40 °C [10, 11] . The double-reciprocal Lineweaver-Burk plot was obtained without and with the presence of benzoic acid as shown in Figure 7b . Higher concentrations of benzoic acid implicated on an increase in the slope of the curves, thus indicating a competitive, inhibitory process caused by chelation of Cu atoms within the active site of Tyr [23] . 
The values of apparent Michaelis-Menten constant, K m , were calculated from the slopes of Figure 7b , evidencing that K m increases with the concentration of benzoic acid. When the concentration of the inhibitor varies with the concentration of catechol, the plot is named Dixon plot [24] , which gives the values of inhibition constant, K' m , for benzoic acid bonded to PPO, Figure 8 . The degree of inhibition by benzoic acid for the PPy/Tyr film was found to be 39%, in accordance with what was reported for different matrices using commercial Tyr [10, 11] . When these results are represented by a linear plot (insert, Figure 9b) , it is evident a variation of 60% for the current response at 50 µmol•L −1 of benzoic acid added to the solution containing catechol.
For higher concentrations of catechol, the inhibition effect of a competitive inhibitor of Tyr such as benzoic acid does not have a significant effect [9] . The operational stability of the PPy/Tyr films was also examined in terms of the number of repetitive essays performed after 21 successive measurements (Figure 10 ). The activity of the PPy/Tyr films was successively measured, with Tyr maintaining 70% of its initial activity after 21 days. This result is higher than those of commercial Tyr immobilized on similar polymeric matrices [17] , thus indicating to be PPy/Tyr (crude extract of avocado) a reasonable alternative for detecting phenol and preservatives such as benzoic acid.
Conclusions
The possibility of using cheap Tyr extracted from avocado fruit pulp and immobilized in PPy films is a reality for the detection of phenolic compounds, such as catechol and benzoic acid as the enzymatic inhibitor. The entrapment of Tyr within the PPy matrix proved to be a simple and fast method, in particular in aqueous solution (without the use of organic solvents). The PPy/Tyr films exhibited a good performance in terms of detection range and response as compared to conventional biosensors built from commercial enzymes. Possible applications of this amperometric biosensor include the analysis of preservatives in food, and for environmental and industrial monitoring.
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